1998), which appears to rule out the simple idea that # Present address:
with a thin stalk extending down from the base of the ring into the membrane bilayer. Domain 3 repacks against the other domains, but its transient extrusion could allow the ␣-helical region originally buried inside the monomer to extend down into the membrane along with the base of domain 4. We describe a model for pore formation based on these results.
Results

Cryo-EM of Pneumolysin Helices
We chose the helical form of pneumolysin for 3D reconstruction, since the helices present all the necessary views, unlike the isolated ring form, which is only observed in end view on EM grids. Although the helical oligomer would not occur physiologically, the end views of helices and isolated rings, formed either in the presence or absence of membranes, show that the major features of subunit conformation are the same in the two forms. The main difficulty was that the helices are not very well ordered. Helix images were interpolated to a straight axis, and then diffraction patterns were calculated to assess the packing and degree of order. single particles. This method produced a greatly improved image of the pitch repeat, which was then used to generate a helical reconstruction. From the negativemicroscopy (EM) of the rings and helical stacks sugstain study (Morgan et al., 1995) , we knew that the numgested that the four domains are packed in a squareber of subunits per ring was in the range 40-50. From planar arrangement, with the planes stacked up around the diameter of the helical form, we estimated 41 subthe rings (Morgan et al., 1995) . units per turn. This value gave a good fit to the input Pneumolysin can polymerize in solution in the abdata, but the intersubunit distance is close to the resolusence of cholesterol or cholesterol-containing memtion limit of the data, so subunit repeats over a range branes (Gilbert et al., 1998) . The resulting assemblies around 41 are also possible. The reprojected view of appear the same as isolated oligomers that have been this reconstruction and the corresponding diffraction formed in the presence of membranes (Morgan et al., pattern are shown in Figures 2c and 2d . The original 1995). At high protein concentration the rings are acfeatures are present, but the resolution is greatly imcompanied by helical oligomers with a similar subunit proved, with information extending to ‫52ف‬ Å on the conformation. We have used the helical form of pneumodiffraction pattern. lysin to obtain a three-dimensional (3D) reconstruction of this oligomeric form using cryo-electron microscopy (cryo-EM) and a combination of helical and single-parti-3D Structure of the Helical Oligomer A surface-rendered representation of the 3D reconstruccle analysis. This has revealed an unexpected domain arrangement in the isolated oligomer, in which domain tion of the pneumolysin oligomer is shown in Figure 3a .
Although the individual subunits are not quite separately 3 is extruded from its original position in the monomer and becomes disordered. We have also obtained tanresolved, the polarity and subunit shape are distinct, with a prominent ridge on the outside of the oligomer gential views of pores bound to small liposomes. The density in the ring profiles shows that during pore formaand the opening in the subunit facing the interior. To check the consistency of the reconstruction, the end tion the domains rearrange into a third conformation , 1997, 1998) . require the planar subunits to be vertically oriented in
The structure with domain 3 in an expelled position is the helix, perhaps at a slight angle to the radial direction.
shown in Figure 4b . Therefore, the subunit shape is revealed by the axial The polarity of the structure guided the overall orientasection through the helix density (Figure 3b) . The bent tion of the fit. Domain 1 is too large and the wrong shape conformation of the monomer, with a central cavity, is to fit into the smaller lobe of density. Moreover, domain dramatically different from the rectangular, soluble mono-4 would only fill a small part of the larger lobe, which mer structure determined by X-ray crystallography ( Dimerization is thought to be the rate-limiting step in is thought that in PA the membrane-inserting hairpin is formed from a polypeptide loop disordered in the causing the free edge to fill in an arc-shaped hole. Local perturbation of the bilayer structure may be a physically monomer. In the case of the ␣-hemolysin family, both a monomer (LukF, Olson et al., 1999) and a pore structure more reasonable idea. For example, the Trp-rich antibiotic peptide gramicidin, which also interacts with cho-(Song et al., 1996) have been determined to atomic resolution. In the monomer structure, the pore-forming relesterol (de Kruijff, 1990) may induce membrane bilayers to form inverted hexagonal phases (Killian et al., 1996) . gion is folded back onto the main body of the toxin, extending a ␤ sheet. In both cases, the main conformaFor this type of bilayer disruption, it may not be necessary for the protein to completely cross the membrane.
tional change between monomer and oligomeric pore form is in the loop that inserts, or is thought to insert, A wedge-shaped insertion would be sufficient to destabilize the bilayer structure, by driving a set of spikes into the membrane, with no major changes in the rest of the structure. into the planar bilayer and changing the proportion of area available for lipid headgroups and tails. 
